Throughout evolution, gamete generation and sex hormone production are the two processes combined in the testis. The local proximity of sex steroid-producing cells and spermatogenic cells allows multiple cellular interactions to occur and thereby facilitates the modulation and/or synchronisation of both testicular functions. This mini review provides an introduction to the vast variety of different testicular cell types, the unique bi-compartmental organisation of the testis, the many factors being released in the testis and the different forms of cellular interactions occurring between testicular cells. Selected members of two groups of signal molecules (sex steroids, growth factors) are described in detail and specific examples for the intratesticular actions of signalling factors are presented.
Introduction
The testis comprises unique functions in the male body: (i) it contains proliferating totipotent stem cells, (ii) it is the only organ where meiosis occurs and (iii) it determines the phenotype of the individual by its endocrine activity. All these specific features are regulated by defined endocrine and local control mechanisms to ensure the co-ordinated expression pattern of the required genes. In the past few years numerous new factors have been identified in the testis. Many of them are also localised in other tissues and some of their functions resemble those commonly described for somatic tissues. However, it is becoming increasingly evident that many of these factors are involved in the regulation of Sertoli and Leydig cell function and enable the co-ordination of spermatogenesis and steroidogenesis. Nevertheless, it is still unresolved whether germ cell development occurs either as a cascade of factor-mediated events between Sertoli and germ cells or represents a genetically predetermined process with only limited modulatory function for the various factors. New experimental approaches and animal models provide valuable tools for research in the field. This review tries to familiarise the reader with testis-specific communication strategies evolving from its unique anatomical arrangement. To describe these effects, we will focus on three specific topics: (i) the actions of androgens and oestrogens in the testis, (ii) the effects of growth factors and (iii) the role of the stem cell factor/c-kit system in spermatogonial proliferation. Due to the limited amount of knowledge which can be presented in a mini review, interested readers are invited to read a number of excellent and more comprehensive reviews dealing with the regulation of testicular function (1-6). Two books are recommended as excellent sources for further reading on the morphology and physiology of Sertoli and Leydig cells (7, 8) .
The bi-compartmental organisation
As the male gonad, the testis has to fulfil two major functions: the generation of gametes and the production and controlled release of sex steroids. The structural compartmentalisation into seminiferous tubules and an interstitium determines the topographical division of its dual functions: spermatogenesis occurring in the seminiferous tubules and steroidogenesis taking place in the Leydig cells of the interstitium. The bi-functional and bi-compartmental organisation of the testis is an attribute highly conserved throughout evolution (9), indicating that the combination of gamete and androgen production in one organ offered an evolutionary advantage. In order to co-ordinate these diverse functions, the hormone and gamete-producing compartments of the testis need to communicate. 
Testicular morphology
In mammalian species both testicular compartments consist of a variety of different cell types (see 10 for review). The Sertoli cells comprise the main structural component of the seminiferous epithelium. They are responsible for the physical support of the germ cells, in addition to providing nutrients and growth factors. The germ cells are sequentially organised into several layers signifying the respective mitotic or meiotic processes and spermatid development. The existence of morphologically distinguishable consecutive developmental steps during germ cell development was used to define stages of spermatogenesis, a useful scientific tool dissecting the continuous spermatogenic process into smaller segments. The presence of distinct germ cell associations allowed stages of the spermatogenic cycle of the seminiferous epithelium to be described on the basis of morphological changes in spermatid morphology (11, 12). Although the staging is arbitrary, it is of greatest help in describing structural and physiological changes in the seminiferous epithelium.
Each seminiferous tubule is surrounded by mesenchymal cells. Among these are the peritubular myoid cells whose contractile elements generate peristaltic waves along the tubules, but do not present a tight diffusion barrier (Fig. 1) .
The interstitium is populated by androgen-producing Leydig cells which are heterogeneous in respect to their physiological and structural features. Vascular smooth muscle cells, macrophages and endothelial cell types are also located in the interstitial space of the testis. The physiological role of macrophages has long been underestimated. In the rat, the number of macrophages is one quarter of the number of Leydig cells and the presence of macrophages is crucial for (re)population of Leydig cells during development and after experimental depletion (13, 14). Immune cells, known to secrete a number of growth factors and cytokines, are part of the intratesticular communication pathways (see 15 for review). In addition, neuronal connections may also influence cellular interaction in the testis (16).
Non-paracrine mechanisms of cellular interaction
Like all living cells, testicular cells use different strategies to perform cell-cell interactions. The most intimate contacts are direct cellular connections via cytoplasmic bridges which allow clones of cells to coordinate their cell cycles. In the testis, these connections enable germ cells to synchronise their mitotic and meiotic divisions (17) and differentiation steps (18). An alternative way for neighbouring cells to communicate is by modulation of extracellular matrix components (19). This strategy is very important for epithelial cellmesenchymal cell interaction. Composition of the matrix is a crucial mediator for determination of epithelial cell differentiation (19, 20) . In the testis, this type of interaction is known to be involved in Sertoli cell-peritubular cell interactions during prepubertal development (21, 22) and in the interaction of Leydig cells with either peritubular cells or perivascular cells and macrophages (23). The extracellular matrix components are able to bind various classes of growth factors (24) and therefore form a reservoir which modulates the bioavailability of growth factors to target cells. This can have a strong impact on cell-cell interactions (Fig. 1) .
Mechanisms of cellular communication by secreted factors
In order to maintain a tight, immunologically protected intraepithelial and intraluminal space for germ cell development, Sertoli cells are closely linked by tight and gap junctions from puberty onwards. This structure is known as the 'blood-testis barrier'. It represents a tight diffusion barrier dividing the testis into two functional compartments (basal and adluminal) which are not related to the previously mentioned dual anatomical organisation (10). Their existence has strong implications for paracrine communication. Factors secreted in one of these compartments cannot diffuse freely into the other one. Sertoli cells, the only cell type extending into both compartments, have the important role of coordinating the secretion of signal factors into both compartments (Fig. 1) .
Role of testosterone in the testis
Testosterone is the classical hormone initiating androgen-dependent functions in the entire organism (25). While the androgen receptor is ubiquitously expressed in the entire organism (26), testosterone exerts specific functions in the testis. The intratesticular importance of testosterone is well established for maintaining and restoring quantitative spermatogenesis in all species studied (27, see 28 for review). In addition, substantial restoration after complete regression of spermatogenesis can be achieved by administration of testosterone to gonadotrophin-releasing hormone-immunised rats (29) or gonadotrophin-deficient mice (30). Stage-dependent effects on Sertoli cells and germ cells have been described for testosterone action (31). In primates, androgens exert important effects during prepubertal development by stimulating the proliferation and differentiation of peritubular cells and Sertoli cells (32, 33). In adult rats, androgen withdrawal leads to germ cell depletion with the first detrimental effects observed after only 3 days in spermatids, which show signs of degeneration and are subsequently released into the lumen (34).
In contrast to its well-established effects, the mechanisms of testosterone action are poorly understood. Androgen receptors are present in the nuclei of Sertoli cells, Leydig cells and peritubular cells in rat and human (35-38). The androgen receptor binds its ligand in the cytoplasm, is translocated into the nucleus and stimulates the transcription of specific genes ( indicating that changes in the expression of the androgen receptor are not a major cause for defects of spermatogenesis (38) . The testis contains at least fivefold more testosterone than needed for the maintenance of quantitative spermatogenesis and saturation of all receptor binding sites (40, 41) . The question which therefore arises for the local action of androgens is: how can a very abundant factor function as a local regulator? To address this question, we need to know whether genes exist whose expression is dependent on the presence/absence of androgens and, furthermore, which other effects testosterone has on the transcriptional activity of androgen-sensitive cells. Although many efforts have been made, the expression of any specific gene product or protein could not be correlated with the early effects of testosterone withdrawal (42) . However, during the first few days of androgen deficiency, an overall stimulation of gene expression and protein production occurs which is dependent on the presence of all germ cell types (42) . One important aspect in this general increase in protein production is the enhanced synthesis and secretion of androgenbinding protein (ABP). Under normal conditions ABP expression reaches its maximum during those stages of the spermatogenic cycle in which the first effects of androgen deficiency are observed (stages VII-VIII) (43) . This observation allows speculation concerning possible non-androgen receptor-mediated testosterone action, by which the formation of the ABP-androgen complex in Sertoli cells could be responsible for signal transduction and consequently be the limiting factor for androgen action (Fig. 2) . Some evidence exists that the ABP-androgen complex can bind to a receptor and is able to stimulate second messenger production in membrane preparations isolated from the testis or the prostate gland (44, 45) . In the cytoplasm of Sertoli cells, ABP and androgen receptors compete for the binding of androgens. It might therefore also be possible that increased amounts of ABP during the seminiferous cycle or after testosterone withdrawal competitively inhibit the binding of androgen to its receptor and induce or mediate a change in the androgen response. A further mechanism of indirect androgen action could be mediated via the regulation of cyclic AMP-responsive elements (46) .
Role of oestrogen in the testis
In the past few years increasing evidence has accumulated that oestrogens, besides their well-established function in the female genital tract, also seem to play a crucial role in spermatogenesis. Oestrogen-binding sites have been localised in rat Leydig cells and in cultured Sertoli cells (47, 48) . In addition, the oestrogen receptor was found in the epithelium of the efferent ductules of fetal mice (49, 50) . Prenatal exposure to oestrogens led to semen abnormalities and other detrimental effects in the male reproductive system (51, 52) . The targeted disruption of the a-oestrogen receptor gene in male mice caused infertility of these animals which was accompanied by a substantially lower number of epididymal sperm, reduced sperm motility and ineffectiveness of sperm to fertilise eggs in in vitro fertilization (53, 54) . Disruption of spermatogenesis became apparent after 10 weeks and progressed from the caudal to the cranial pole of the testis within the next 6 months. One of the earliest and most obvious histological changes is the dilation of the lumen of the seminiferous tubules. This observation indicates that accumulation of fluid in seminiferous tubules leads to increased testicular pressure and might thereby gradually compromise blood flow. The fact that the rete testis and the efferent ducts are target organs for oestrogen action (49, 50) led to the hypothesis that (partial) efferent duct ligation under oestrogen deficiency is the primary cause for testicular fluid accumulation and subsequent damage of the seminiferous epithelium. The presence of the enzyme aromatase in sperm initiated the idea that conversion of androgens into oestrogens in the duct system is used as a physiological signal for the quantity of sperm released from the testis and might act as a signal for the regulation of organ function (55) . Recently, a novel second (b) form of the human oestrogen receptor was identified and characterised. This receptor is expressed in the thymus, spleen, ovary and testis, has high homology and resembles many of the physiological characteristics of the (a) oestrogen receptor (56) . The existence of a second oestrogen receptor form hampers the interpretation of experimental in vitro and in vivo data on the role of oestrogens. In the human, the role of oestrogens in spermatogenesis and sperm function is not well defined. A patient with oestrogen resistance due to a mutation in the oestrogen receptor gene had normal testis size and sperm production, although a subnormal semen quality (57) . Aromatase deficiency was either associated with macroorchidism (58) or with small testes and impaired fertility (59) .
Role of growth factors in testicular communication
Two controversial hypotheses can be postulated to describe the complex cellular interactions between Sertoli cells and the developing germ cells. The first is that the complex processes of meiosis, spermatid differentiation and sperm release are genetically predetermined. Optimal support for germ cells would then lead to the production of maximal numbers of spermatozoa. In case of suboptimal supply the consequence would be increased germ cell death and declining sperm output. According to this theory, the interaction of Sertoli and germ cells would be mainly uni-directional. Sertoli cells would function as nurse cells responsible for supplying germ cells with growth factors and nutrients in a co-ordinated fashion. Growth factors would then act as survival factors with the developing germ cells competing for supply. The stable species-specific kinetics of spermatogenesis or sperm production (12) speak in favour of this model. Furthermore, the fact that mouse Sertoli cells support spermatogenesis of implanted rat germ cells (60, 61) shows
Alternatively, the complex transformation of steps undergone during meiosis and the subsequent cytodifferentiation of germ cells may be reflected in a series of signals informing Sertoli cells about the developmental (functional) stage of its associated germ cells or vice versa. Striking physiological changes are observed in Sertoli and germ cells during the cycle of the seminiferous epithelium: for example (i) the timed expression of enzymes and cytofilaments in order to open and close the blood-testis barrier in Sertoli cells, (ii) in germ cells, the initiation of both meiotic divisions, and (iii) the induction of condensation and subsequent elongation of spermatids and the differentiation of mitochondria (1, 10). These structural and physiological changes may be induced by signal molecules rather than by genetic determination. The ultimate situation in this model is the cascade-like expression of mediators, each of them released either to initiate or document a defined step of germ cell development. In this case, each growth factor would mediate specific and distinct events during the complex series of the various differentiation steps during spermatogenesis.
Knowledge about intratesticular growth factor action is far from conclusive. However, we postulate that growth factor action in the male gonad is a mixture of both scenarios highlighted above: some factors induce specific differentiation steps, while others act primarily as environmental or survival factors in genetically predetermined steps. A member of the first group would be the nerve growth factor (NGF), a protein by which germ cells communicate with Sertoli cells. NGF is known to have important functions in the development and maintenance of sensory and sympathetic neurones in the mammalian nervous system (see 62 for review). In the adult rat testis, the NGF protein and gene expression were localised to spermatocytes and early spermatids of all stages (63-65), while NGF receptor mRNA was detected in Sertoli cells of immature and mature testis and is down-regulated by testosterone (66) .
The fibroblast growth factor (FGF) family represents signal molecules of the second group. Acidic FGF and basic FGF belong to the class of growth factors found in a vast variety of tissues. They are known as potent mitogens and differentiating factors for cells of mesenchymal, neural and epithelial origin (67) . Basic FGF was shown to be present in bovine and human testes (68, 69) . The expression of the FGF-2 gene is highest during early puberty and decreases with sexual maturity and is regulated by follicle-stimulating hormone (FSH) (70) . Sertoli cells and germ cells produce FGF-like proteins (70, 71) . FGF receptors are present in Sertoli cells (72) . Recent studies using co-culture systems of Sertoli cells and gonocytes isolated from newborn to 3-day-old rats revealed that FGF-2 acts as a survival factor on Sertoli cells and as a mitogen, as well as a survival factor on gonocytes (73) . The same functional category as for FGFs has to be postulated for the insulin-like growth factor (IGF) family which includes three structurally related peptides: insulin, IGF-I (also called somatomedin C) and IGF-II. The receptor or binding sites for IGF-I have been found on most testicular cell types, including rat and human Sertoli cells, Leydig cells and pachytene spermatocytes (74) (75) (76) (77) , indicating a more general role such as the stimulation of steroidogenesis in Leydig cells (78) (79) (80) (81) . Another molecule probably acting mainly as an environmental factor is transforming growth factor (TGF)-a. It is synthesised and secreted by Sertoli cells, Leydig cells and peritubular cells (82, 83) , while Sertoli cells express the TGF/epidermal growth factor receptor (84) (85) (86) .
The large family of TGF-b growth factors, which also includes the inhibins and activins, is the most versatile group with the largest multifunctional spectrum of effects among all known growth factors (87) . Their multiple actions prevent them from being classified as a specific functional group. TGF-b isoforms are widely distributed throughout both embryonic and adult tissues and are involved in the regulation of cell growth, differentiation, and immunomodulation. The integral membrane protein endoglin is known to bind TGF-b with high affinity. A recent report localised endoglin to the intestinal cells of mouse testis using immunohistochemistry and in situ hybridisation (88). This can limit amounts of TGF-b otherwise binding to the respective receptor. The inhibin/ activin subfamily acts as potent differentiation factors and mitogens (89) . A few key effects may highlight the large range of their diverse actions: (i) activin acts as a morphogen during mesoderm formation in early Xenopus embryos (90), (ii) increases FSH release from pituitary cells in vitro (91) and in vivo (92) and (iii) stimulates spermatogonial proliferation and seminiferous cord formation in co-cultures of testicular cells (93) . Inhibin often functions as an antagonist to activin. It is reported to act as a tumour suppressor in the gonad (94) and inhibits spermatogonial proliferation in vivo (95) . The activinbinding protein, follistatin, is expressed in the testis.
Follistatin plays an important role in the regulation of activin action due to its neutralising abilities (96) . Its protein and mRNA are localised in Sertoli cells and germ cells (97, 98) . The expression, processing and combination of at least four gene products (a-subunit, bA-subunit, bB-subunit and follistatin as binding protein) thus mediate the response. Most of the testicular cells produce all or at least several of these effectors (99, 100) . The expression and secretion of inhibin subunits is dependent on the spermatogenic cycle (101, 102) . The highlighted complex properties of this hormone family renders it nearly impossible to analyse the physiological effects properly.
The action of the stem cell factor/c-kit system in spermatogonial proliferation
In rats, the true stem cell type spermatogonia (As, Apr, Aal) divide slowly and independently of the stage of the spermatogenic cycle. While maintaining a pool of stem cells, they produce small numbers of undifferentiated spermatogonia designated to transform into A1 spermatogonia and to enter spermatogenesis (17). The process of spermatogonial multiplication is potent enough to produce more than the necessary germ cell precursors. To co-ordinate the production of suitable numbers of germ cell precursors, local interactions between Sertoli cells and spermatogonia may control the transformation, proliferation and survival rate of these diploid germ cells. Some spermatogonia undergo cell death before entering meiosis (103) . In transgenic mice with gonad-specific disruptions of the BCL gene, usually involved in apoptosis, the seminiferous tubules of 5-week-old mice are overcrowded with spermatogonia (104) . This highlights the importance of a carefully balanced ratio between proliferation and elimination among spermatogonia.
New data about the regulation of spermatogonial multiplication were provided by naturally occurring mutations (see 105 for review). Two different alleles known as white spotted or steel ligand mutations in mice are mutated and encode for either the C-kit receptor or its ligand stem cell factor. Mutant mice deficient in functional stem cell factor protein or c-kit receptors are depleted of germ cells and display also several pathological alterations in other organs in which stem cell multiplication is important, e.g. haematopoietic stem cell proliferation or melanocyte generation (see 106 for review). This indicates a general role for this factor/ligand system in stem cell regulation.
Other studies using different methodological approaches confirm the important role of stem cell factor/c-kit interactions for the control of the spermatogonial cell population: the detection of the c-kit receptor in spermatogonia and its ligand stem cell factor in Sertoli cells suggested the existence of a local regulatory system in mice (107, 108) as well as in men (109, 110) . The presence of stem cell factor immunoreactivity and c-kit in rat and human Leydig cells indicates the presence of an autocrine regulatory loop (110, 111) . In elegant studies using an immunoneutralising antiserum, stem cell factor was shown to be specifically responsible for the proliferation of A1-A4, but not for undifferentiated rat spermatogonia (112, 113) . In vitro studies showed that stem cell factor induced an increase in thymidine incorporation in isolated rat spermatogonia (114). Packer et al. (115) reported that the mechanism of stem cell factor action is through prevention of apoptosis. Whether stem cell factor has mainly mitogenic action or alternatively acts as a survival factor on spermatogonia is unclear at present and further studies are needed to understand the cellular response in the target cell. The onset of stem cell factor expression correlates with the onset of rat spermatogenesis (111) , indicating a role of this growth factor during initiation of spermatogonial proliferation.
The existence of a membrane-bound and a soluble form of this mediator offers various routes of action, regulation and bioavailability (116) . Several studies show that the two different forms of stem cell factor are developmentally regulated and that the membrane-bound form is the predominant type after the onset of spermatogenesis (108, 117) . The membrane-anchored form of stem cell factor was shown to play an important role in the adhesion of germ cells to Sertoli cells (117) and to be more effective in the prevention of apoptotic cell death (115) and stimulation of mast cell growth (118) . FSH was able to stimulate stem cell factor expression in vitro (114) , an effect which is more prominent in cells isolated from 13-day-old than from 18-day-old rats. However, other experimental models failed to show a direct link between FSH and stem cell factor (119) . The transplantation of intact germ cells into c-kit mutants induced a partial repopulation of the testis (120) . Tubules with transplanted intact (stem) cells showed normal spermatogenesis in respect to the presence and organisation of spermatogenic cells and stages. This indicates that the control of spermatogonial proliferation via c-kit receptors is the crucial event for the re-establishment of spermatogenesis (Fig. 3) .
Final remarks
A huge number.25 of local effects for growth factors and hormones for the interactions of testicular cells mainly using in vitro systems have been described. Taking the complex histological organisation of the testis into consideration, an even more complicated pattern of all cell-cell interactions is likely to occur in vivo.
In recent years, animal models have been developed in which stage synchronisation has helped to provide some information about general changes in the expression of signal substances during the onset of spermatogenesis (121) . Furthermore, the isolation and culture of tubules dissected from specific stages is a very helpful tool for the analysis of local interactions between Sertoli cells and germ cells at a defined period of the spermatogenic cycle (122) . Mutants (105) or experimental gene knockout mice (94) or transgenic animals (123) are powerful models for the analysis of a variety of paracrine factors. Recently developed methods using germ cell transplantation into germ cell-deficient host animals is another very promising model to study the regulation of testicular function (120) . Many of these methodological approaches, however, dissociate the event of spermatogenesis from steroidogenesis or vice versa. This is, as mentioned above, very conservative and most likely, also in regard to intratesticular regulation, an important prerequisite for normal testicular function.
The outcome of research on paracrine interactions has been very limited with respect to clinical applications to date. Neither an integrated view of its relevance for human testicular function nor any implication for the treatment of specific testicular defects have been generated from the data available so far (124) . The whole field appears to be a mosaic of solitary results on numerous factors with little, although significant, progress. It is to be hoped that the missing links required for an integrated overview of local testicular regulation will be provided by future findings. The understanding of paracrine interactions in the testis might also receive support from other fields in which knowledge about specific cellular interactions has progressed much faster. For example, the importance of stem cell factor/c-kit interactions and their synergistic action with other growth factors is well established for the proliferation and differentiation process of blood stem cells.
Deeper insights into local testicular communication could offer important tools for new approaches in reproductive technologies, e.g. long-term culture systems of spermatogonia could enable the in vitro production of transgenic germ cell lines. The transplantation of cultured stem cells into the testis or the generation of offspring from haploid germ cells as well as the generation of transgenic animals could then be facilitated. However, careful consideration of all ethical aspects is an unquestioned prerequisite. These methods could also offer clinical applications to the preservation and generation of germ cells from men undergoing anticancer treatment with fatal loss of germ cells. 
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